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Abstract 
Fly ash–based geopolymers required heat to increase the geopolymerization process in order to obtain higher 
compressive strength. As such, geopolymer samples were prepared using different curing temperatures (room 
temperature, 50ºC, 60ºC, 70ºC, 80ºC), in which sodium silicate and NaOH were used as alkaline activators. The 
samples were cured for 24 hours in the oven and tested on the seventh day. The result revealed that the maximum 
compressive strength (67.04 MPa) was obtained at a temperature of 60ºC. However when the geopolymers sample 
cured at temperature more than 60ºC, the compressive strength decreased. From the FTIR spectra, the higher content 
of Si on sample cured at 60ºC also contributed to higher compressive strength. Moreover, SEM analysis showed a 
denser matrix as well as less unreacted fly ash of the sample cured at 60ºC compared to other temperatures. 
Keywords: fly ash; geopolymer; curing temperature;compressive strength,;FTIR; SEM 
1. Introduction 
Geopolymers have been introduced to replace the utilization of ordinary Portland cement (OPC) in the 
concrete industry, where fly ash-based geopolymers have been known to have a high potential for 
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replacing the application of OPC. This material was introduced due to the extensive consumption of 
energy during the manufacturing of OPC, which releases a large amount of greenhouse gases into the 
atmosphere [1]. It has been reported that 13,500 million tons are produced from this process worldwide, 
accounting for approximately 7% of the greenhouse gases annually produced [1-2]. Since fly ash is the 
source of silica and alumina required for geopolymers and is excessively available worldwide, the used of 
fly ash will reduce problems with dumping sites for these waste materials. The silica and alumina in the 
fly ash are activated by an alkaline activator that consists of sodium silicate and sodium hydroxide to 
produce aluminosilicate gel that acts as a binder. Previous research has shown that geopolymers possess 
excellent mechanical properties, fire resistance, and acid resistance [2-5]. 
The geopolymer curing process is important for determining the existence of water during alkali-
activated fly ash matrix hardening [6] because water is a key element in alkaline activation reactions and 
curing regime humidity has an obvious effect on the structural and mechanical properties of alkali-
activated fly ash pastes, mortars, and concretes [6-8]. In addition, Palomo et al. [9] reported that the 
curing temperature was a reaction accelerator in fly ash-based geopolymers. Heat curing was also 
required to produce a fast geopolymerization process to achieve an acceptable strength within very short 
periods [10-13]. J. Temuujin et al. [14] reported that using curing temperatures between 40ºC and 80ºC 
for 4 to 48 hours is one of the important conditions for the synthesis of geopolymers. Hardjito et al. [15] 
mentioned that a higher curing temperature does not necessarily ensure that the compressive strength of 
the product will be higher. The current work’s objective is to investigate the effect of different curing 
temperatures on physical and chemical properties of a fly ash-based geopolymer. 
2. Materials and Experimental Details 
2.1. Raw Materials 
Fly ash was obtained from Manjung power station, Lumut, Perak, Malaysia. The chemical 
composition of the fly ash is tabulated in Table 1, which was obtained from an XRF analysis. According 
to the analysis, the fly ash was equivalent to ASTM class F.
The sodium silicate solution was supplied by South Pacific Chemicals Industries Sdn. Bhd. (SPCI), 
Malaysia. The chemical compositions were comprised of 30.1% SiO2, 9.4% Na2O, and 60.5% H2O with a 
SiO2/Na2O modulus of 3.2, specific gravity at 20°C = 1.4mg/cc, and viscosity at 20°C = 400cP. Sodium 
hydroxide (NaOH) pellets with 99% purity were used after being diluted using distilled water to obtain 12 
M concentration [9, 16]. The combination of sodium silicate and NaOH solution was used as an alkaline 
activator to induce the pozzolanic properties of fly ash.  
Table 1. Chemical composition of fly ash 
Chemical Composition Percentage (%) 
SiO2 52.11 %
Al2O3 23.59 %
Fe2O3 7.39  % 
TiO2 0.88  % 
CaO 2.61  % 
MgO 0.78  % 
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2.2. Sample Preparation 
The alkaline activator was prepared by mixing a sodium silicate and NaOH solution with a 
concentration of 12 M. The fly ash was then mixed with the alkaline activator in the mixer. The fresh 
geopolymer was placed in the 50x50x50 mm mold and vibrated for 20s on the vibrating table. Samples 
were subsequently cured at different curing temperatures; room temperature, 50ºC, 60ºC, 70ºC, and 80ºC 
for 24 hours. The average of three samples was prepared for each curing temperature. The details of the 
mix design are shown in Table 2. 







Fly Ash(g) Sodium 
silicate (g) 
NaOH (g) Curing Temperature 
1 2.0 2.5 562.5 200.9 80.4 Room temperature 
2 2.0 2.5 562.5 200.9 80.4 50ºC
3 2.0 2.5 562.5 200.9 80.4 60ºC
4 2.0 2.5 562.5 200.9 80.4 70ºC
5 2.0 2.5 562.5 200.9 80.4 80ºC
2.3. Testing 
The hardened geopolymer samples were analyzed according to three criteria: mechanical strength 
(compressive strength), mineralogically, and microstructurally studied by Fourier Transform Infrared 
Spectroscopy (FTIR), and Scanning Electron Microscope (SEM). Compressive strength was tested on the 
seventh day.  
3. Results and Discussion 
3.1. Compressive Strength 
The compressive strength of fly ash-based geopolymers on the seventh day with different curing 
temperatures is shown in Fig. 1. As clearly shown in the graph, the samples cured at 60ºC produced the 
maximum compressive strength (67.04MPa) compared to others. Meanwhile, the minimum compressive 
strength was obtained from room temperature (22.9 MPa). Based on this result, when the curing 
temperature was increased, the compressive strength also increased. However, the value of compressive 
strength tended to decrease when cured at a temperature greater than 60ºC. Hardjito et al. [17] also found 
that increasing the curing temperature beyond 60ºC did not substantially increase the compressive 
strength. Hence, some researchers have suggested that the curing temperature for fly ash and kaolinite 
geopolymers should be 60ºC, especially for the study of geopolymer paste with 50mm cube samples [18-
19]. Chindaprasirt et al. [1] suggested that the small specimen with a high surface-to-volume ratio is more 
susceptible to the heat of curing and to the loss of moisture compared to that of the large specimen, which 
could lead to a reduction in strength for curing at high temperatures. Moreover, when the curing 
temperature is high, the sample experiences a substantial loss of moisture; the geopolymer reaction 
requires the presence of moisture in order to develop good strength [1].  
3.2. Fourier Transform Infrared Spectroscopy (FTIR) 
Fig. 2 shows the IR spectra of the geopolymer cured at different temperatures. The FTIR spectra of 
band Si-O-Si of geopolymer was cured at room temperature (958 cm-1), 50ºC (964 cm-1), 60ºC (972cm-1),
70ºC (970 cm-1), and 80ºC (962 cm-1). All these values signify that the vitreous component of the fly ash 
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reacts with the alkaline activator to produce a new product: alkaline aluminosilicate gel [22]. Comparing 
the shift of the band, samples cured at 60ºC produced the maximum band (972cm-1), indicating that the 
reaction product contained more Si than others contributing to the maximum compressive strength [24-
25].  
The broad band appearing in all IR spectra 3500cm-1 and 1600cm-1 responded to stretching (-OH) and 
bending (H-O-H) vibrations of bound water molecules, which are surface absorbed or entrapped in the 
large cavities of the polymeric framework [19, 22, 26]. The higher values of these bands indicate a higher 
degree of water molecule absorption in their mass. 
Fig. 1: The compressive strength of different curing temperatures 
*RT = room temperature 
Fig. 2: FTIR spectra of fly ash and geopolymer with different curing temperatures 
3.3. Scanning Electron Microscopy (SEM) 
The microstructure of fly ash and geopolymer paste for different curing temperatures was observed 
using SEM. Fig. 3 (a) shows the microstructure of the original fly ash before being activated with the 
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alkaline activator. As seen in the figure, the fly ash consists of spherical particles of different sizes, where 
some particles may contain other particles of a smaller sizes in their interior [27]. The surface texture of 
fly ash appears to be smooth and dense to highly porous [28]. The surface of the fly ash regularly includes 
the existence of some quartz particles or some vitreous unshaped fragments [22]. Fig. 3 (b) – (f) shows 
the microstructure morphology of geopolymers at different curing temperatures (room temperature, 50ºC, 
60ºC, 70ºC, 80ºC). All samples that had been cured showed that the materials are heterogeneous; partially 
reacted and unreacted fly ash existed on the dense gel-like matrix geopolymer. The considerable amount 
of unreacted or not totally consumed spheres of fly ash indicated a moderate degree of reaction in the 
system. Fig. 3 (d) showed less unreacted fly ash and a denser matrix compared to others, which leads to 
higher compressive strength. Meanwhile, the microstructure of other samples are less dense as the 
existence of microcracks and pores contributed to lower compressive strength.  
Fig. 3(a-f): Microstructure of fly ash and geopolymer with different curing temperatures 
4. Conclusion 
Based on the data from this study, it can be concluded that the optimum curing temperature for fly 
ash-based geopolymer is 60ºC, which produced the maximum compressive strength (67.04 MPa). When 
the geopolymer cured at high temperature, the samples do not had enough moisture in order to develop 
better strength. Moreover cured at high temperature also cause the samples to crack. This result was 
supported by FTIR analysis and microstructure analysis using SEM.  
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